**Core tip:** In this study, we found that miR-301a expression was increased during the process of hypoxia-induced epithelial-mesenchymal transition (EMT) in pancreatic cancer (PC) cells. miR-301a overexpression facilitated hypoxia-induced EMT, while miR-301a knockout inhibited hypoxia-induced EMT in PC cells. The increased expression of miR-301a was transcriptionally regulated by HIF-2α. In addition, we identified a new target gene of miR-301a, namely, TP63, and confirmed that TP63 was involved in EMT and metastasis of PC cells. Collectively, our data suggest that the newly identified HIF-2α-miR301a-TP63 signaling pathway plays a crucial role in hypoxia-induced EMT in pancreatic ductal adenocarcinoma and that miR-301a may serve as a new prognostic biomarker and candidate miRNA for tumor diagnosis and treatment.

INTRODUCTION
============

The extremely malignant biological behavior of pancreatic ductal adenocarcinoma (PDAC) and the lack of effective treatment for it make this cancer the most lethal malignant tumor type\[[@B1]\]. Most patients are diagnosed with the cancer after it has metastasized to other organs\[[@B2]\]. The development of effective treatments for this disease is a complex and challenging problem due to our poor understanding of the molecular mechanisms underlying PDAC metastasis. Therefore, explorations of the molecular mechanism of tumor metastasis are urgently needed.

Epithelial-mesenchymal transition (EMT) is a process during which epithelial cells lose their cell polarity and gain migratory and invasive properties\[[@B3]\]. The tumor hypoxic microenvironment has previously been shown to induce EMT to promote the metastasis of many types of cancers, including pancreatic cancer (PC)\[[@B4]\], breast cancer\[[@B5]\], hepatocellular carcinoma (HCC)\[[@B6]\], and lung cancer\[[@B7]\]. Under hypoxic conditions, hypoxia-inducible factors (HIFs), namely, HIF-1α and HIF-2α, play critical roles in hypoxia-induced EMT by regulating EMT-related transcription factors (EMT-TFs), including Snail, Twist1, and ZEB1\[[@B8]-[@B10]\]. Although the roles of different EMT-TFs and the relevant signaling pathways in mediating EMT are well demonstrated, other regulators such as microRNAs (miRNAs) that are involved in the hypoxia-induced EMT process should be further investigated.

MiRNAs are small non-coding RNAs, containing approximately 22 nucleotides, that act as gene regulators *via* the cleavage and/or translational repression of target mRNAs\[[@B11],[@B12]\]. MiRNAs are involved in many complex biological processes, such as drug resistance\[[@B13]-[@B15]\], tumor growth\[[@B16]-[@B18]\], invasion\[[@B19],[@B20]\], and metastasis\[[@B21]-[@B24]\]. Several miRNAs, including miR-1236\[[@B25]\], miR-143-5p\[[@B26]\], and miRNA-34a\[[@B27]\], have been reported to participate in regulating hypoxia-induced EMT. In addition, miR-205 is remarkably induced by hypoxia in cervical and lung cancer cells\[[@B28]\]. Interestingly, miR-205 upregulation under hypoxia decreases epithelial marker E-cadherin, increases mesenchymal marker vimentin, and promotes a morphological transition from a typical cobblestone-like appearance to a mesenchymal-like structure\[[@B28]\]. Another study has revealed that the expression level of miR-187-3p in HCC significantly decreases under hypoxia and that miR-187-3p is involved in the promoting effects of hypoxia on the metastasis and EMT of HCC cells\[[@B29]\]. However, the miRNAs involved in hypoxia-induced EMT in PDAC cells have not been identified.

Several recent studies have shown that miR-301a functions as an oncogene in multiple human cancers, including HCC\[[@B30]\], PC\[[@B31]\], Ewing\'s sarcoma\[[@B32]\], gastric cancer\[[@B33]\], and malignant melanoma\[[@B34]\]. Our previous study has revealed that abnormally high expression levels of miR-301a are associated with lymph node metastasis, advanced pathological stage, and worse survival\[[@B35]\]. MiR-301a overexpression enhances the colony formation, invasion, and migration of PDAC cells *in vitro* as well as their tumorigenicity *in vivo*\[[@B35]\]. However, the underlying mechanisms of abnormal miR-301a expression and its role in EMT in PDAC cells remain unclear and require further exploration.

TP63, a member of the p53 family, not only induces transcription of canonical p53 targets but is also a master regulator of epithelial cells\[[@B36]\]. There are many isoforms of p63, including the major types TAp63 and ΔNp63\[[@B36]\]. These two isoforms exhibit unique biological functions by regulating their own distinct target genes. Data from studies of different cancer environments suggest that TAp63 has tumor suppressor type properties and that ∆Np63 has mainly oncogenic properties\[[@B37]\]. Expression of p63 in PC is not well recognized and its role in tumor progression needs further researching.

In this study, we showed that miR-301a is overexpressed under hypoxic conditions in PDAC cells and that miR-301a transcriptional induction is HIF2α dependent. The overexpression and knockout of miR-301a promote and inhibit hypoxia-induced EMT, respectively. Furthermore, we identified TP63 as a miR-301a target gene that is significantly downregulated under hypoxia. Functionally, we showed that ectopic miR-301a expression promotes metastasis in nude mice. Collectively, these data show that the newly identified HIF-2α-miR301a-TP63 signaling pathway that is induced by hypoxia plays crucial roles in hypoxia-induced EMT in PDAC.

MATERIALS AND METHODS
=====================

Cell lines and culture conditions
---------------------------------

The human PC cell lines Panc-1, BxPC-3, and CFPAC-1 were obtained from the American Type Culture Collection (ATCC, Manassas, VA, United States). PANC-1 cells were cultured in DMEM (HyClone, Logan, UT, United States) supplemented with 10% fetal bovine serum (FBS; GIBCO). BxPC-3 cells were cultured in RPMI 1640 (HyClone) supplemented with 10% FBS. CFPAC-1 cells were cultured in IMDM (GIBCO) supplemented with 10% FBS. All cell lines were cultured in an incubator at 37 °C in an atmosphere containing 5% CO~2~. For hypoxia treatment, cells were cultured in an incubator with 1% O~2~, 5% CO~2~, and 94% N~2~ at 37 °C (Thermo, Waltham, MA, United States) for the indicated time period. Before the experiments were conducted, the cell lines were tested and authenticated according to microscopic morphology, growth curve analysis, and mycoplasma detection per the ATCC cell line verification test recommendations.

RNA extraction and real-time PCR
--------------------------------

Total RNA was extracted with the TRIzol Reagent (Invitrogen) according to the manufacturer's instructions. The concentration and purity of the RNA were determined on a Nanodrop-2000 spectrophotometer (Thermo Scientific). Complementary DNA was generated with the ImProm-II Reverse Transcription System (Promega, United States). Real-time PCR was performed with SYBR Green PCR Mater Mixture Reagents (Applied Biosystems, United States) on the ABI 7900HT Fast Real-Time PCR System (Applied Biosystems). The relative expression of miR-301a was normalized to the internal control U6, and the levels were calculated using the 2^-ΔΔCt^ method.

Western blot analysis
---------------------

Cells and tissues were lysed with 2 × SDS-lysis buffer. Equal amounts of protein were separated by SDS-PAGE and transferred onto nitrocellulose membranes, and the membranes were blocked and incubated overnight with monoclonal antibodies. An anti-β-actin antibody (CST) was used as the loading control. The antibodies against ZO-1, β-catenin, N-cadherin, Snail, and Slug were purchased from Cell Signaling Technologies, and the antibodies against E-cadherin, Fibronectin, Vimentin, and HIF-1α were purchased from BD Biosciences.

Wound healing assay
-------------------

For the *in vitro* cell migration assays, PC cells were seeded into 6-well plates at 2 × 10^5^ cells per well and incubated at 37 °C with 5% CO~2~ for 24 h to achieve full confluence before the wound was made. An approximately 0.4--0.5-mm line was scraped using the fine end of a sterile pipette tip. Then, the cells were washed gently with PBS and cultured for 24 h. Pictures of the scratches were taken with an inverted microscope and analyzed using ImageJ software. All experiments were repeated three times.

Transwell assay
---------------

BxPC-3 and CFPAC-1 cells that were stably transfected with miR-301a or PANC-1 cells that were depleted of miR-301a (5 × 10^4^ cells/well) were suspended in 200 μL of serum-free medium and added to the upper chambers of Transwell plates, and 700 μL of medium containing 10% FBS was added to the bottom chambers. After the plates were incubated at 37 °C for 48 h, the cells on the top sides of the Transwell membranes were wiped off carefully with cotton swabs, and the cells on the bottom sides of the Transwell membranes were fixed with 4% paraformaldehyde for 15 min and stained with 0.5% crystal violet for 3 h. The number of cells in three random fields on each membrane was counted.

Immunofluorescence assay
------------------------

Coverslip-grown cells were washed three times in prewarmed 1 × PBS and fixed in 4% paraformaldehyde solution for 10 min. Cells were blocked in 2% bovine serum albumin for 1 h and incubated with the appropriate diluted primary antibody overnight at 4 °C. Fluorescently labeled secondary antibodies were applied at 1:200 dilutions for 1 h at room temperature. The coverslips were washed with 1 × PBS before being mounted with Vectashield containing 4,6-diamidino-2-phenylindole (DAPI) onto slides. Images were captured with the Nikon Eclipse Ti (Nikon, Kanagawa, Japan).

Luciferase assay
----------------

For luciferase assay, 1 × 10^5^ BxPC-3 cells or HEK293T cells per well were seeded into 24-well plates and incubated at 37 °C for 24 h. Then, the cells were co-transfected with 100 pmol/L negative control (NC) or miR-301a mimic and 100 ng of the wild-type or mutant TP63 3' untranslated region (3'UTR) psiCHECK-2 plasmid. After the cells were cultured for 36 h, luciferase activity was measured with the Dual-Luciferase Reporter Assay System (Promega). Normalized data were calculated as the ratio of the Renilla/firefly luciferase activities.

To determine whether HIF-2Α could regulate miR-301a expression, we constructed the promoter of miR-301a using the pGL4.27 vector that carried the promoter luciferase assay.

DNA constructs
--------------

To construct the miR-301a overexpression plasmid, the miR-301a expression cassette containing the miR-301a hairpin sequence and flanking regions was cloned from human genomic DNA isolated from CFPAC-1 cells and inserted into the lentivirus pLVX-IRES-Puro vector.

A partial wild-type sequence or the mutant sequence of the TP63 3'UTR was inserted between the XhoI and Not1 restriction sites into the 3'UTR of the hRluc gene in the psiCHECK2 vector.

Construction of miR-301a knockout cell lines
--------------------------------------------

The sgRNAs targeting miR-301a were designed with the online guide design tool (<http://crispr.mit.edu>). The top two highest scoring sgRNAs that targeted sequences close to the miR-301a stem-loop were selected for cloning into LentiCRISPRv2 vectors and were verified by DNA sequencing. Lentiviral particles were produced using LentiCRISPRv2 plasmids and the packaging plasmids pCMΔ8.9 and pMD2.G (3:2:1). After the PANC-1 cells were treated with lentiviral particles for 48 h, infected cells were selected with puromycin and then subcultured in 96-well plates using the limited dilution method. Monoclonal cells were selected, cultured, and expanded *in vitro*. PCR primers were designed according to the miR-301a gene sequence, and afterward, we collected genomeic DNA from the monoclonal cells for PCR rapid testing. Gene sequencing and comparative analysis were performed.

In situ hybridization
---------------------

The oligonucleotide probe of miR-301a was purchased from Wuhan Boster Biological Technology. The sequence of miR-301a probe was 5\'-TTTGACAATACTATTGCACT-3\'. PDAC tissue slides were deparaffinized and digested with 20 µg/mL proteinase K in pre-warmed 50 mmol/L Tris for 20 min at 37 °C. The slides were rinsed five times in distilled water, immersed in ice-cold 20% (v/v) acetic acid for 20 s, dehydrated by washing for approximately 1 min per wash in 70% ethanol, 95% ethanol, and 100% ethanol, and air dried. Then, 100 µL of hybridization solution was added to each slide. After that, the slides were prehybridized in a hybridization solution at 57 °C for 2 h. Tissues were hybridized overnight in the presence of 10 ng 3'-5' DIG-labeled miR-301a-3p LNA probes at 50 °C. Slides were washed twice stringently and transferred to a humidified chamber, followed by the addition of 200 µL blocking buffer to each section (MABT + 2% BSA) and blockage for 2 h at room temperature. The anti-label antibody at the required dilution in blocking buffer was added and incubated for 2 h at room temperature and an immunological reaction was carried out by using the rabbit antibody against digoxingenin and alkaline phosphatase, according to the manufacturer's recommendation. Each side was assigned a score for intensity and staining positive pattern.

Orthotopic PC mouse model
-------------------------

The mice used for PC orthotopic transplantation were 4-wk-old female BALB/c nude mice, which were purchased from the Shanghai Laboratory Animal Center (SLAC) and kept in the Department of Animal Science, Shanghai Jiaotong University School of Medicine. All animal experiments were approved by the Animal Ethics Committee of Shanghai Jiaotong University School of Medicine.

A total of 2 × 10^5^ CFPAC-1- LUC cells that were stably transfected with pLVX-miR-301a or NC were subcutaneously injected into nude mice. Two weeks later, the tumor tissues were cut into pieces that were approximately 1 mm^3^ in size, and then, the pieces were inoculated into pancreases (orthotopic) of the nude mice.

Primary and metastatic neoplasms were monitored by measuring the firefly luciferase activity, and these measurements were performed by bioluminescence imaging on the sixth week. The mice were sacrificed and weighed on the 6^th^ week. The primary tumors and abdominal metastases were weighed, and the ascites samples were collected. Metastases of the abdominal lymph nodes, liver, and lung tissues were observed and recorded. The tumor tissues were fixed with 4% paraformaldehyde for HE staining.

Statistical analysis
--------------------

Three or more independent experiments were carried out for each assay in this study. All data are presented as the mean ± SD. Two-tailed Student's *t*-test was used for statistical comparison in each group and to determine the correlation between miR-301a expression and the clinicopathological variables. The Kaplan--Meier method was used to evaluate the overall survival. A *P* value less than 0.05 was considered to be statistically significant (*P* \< 0.05, *P* \< 0.01, and *P* \< 0.001).

RESULTS
=======

Hypoxia induces PC cell EMT and increases miR-301a expression
-------------------------------------------------------------

To investigate the effect of hypoxia on in EMT in PC cells, we used two PC cell lines with obvious epithelial phenotypes, namely, CFPAC-1 and BxPC-3. These two cell lines have epithelial morphology and polarization with apical microvilli, tight junctions, and gap junctions. After the CFPAC-1 and BxPC-3 cells were cultured under normoxia or hypoxia (oxygen concentration 1%) for 48 h (Figure [1C](#F1){ref-type="fig"} and [F](#F1){ref-type="fig"}), the morphological changes were evaluated under an inverted phase-contrast microscope. We observed that CFPAC-1 and BxPC-3 cells cultured in normoxia exhibited a typical epithelial morphology, whereas these cells exhibited a typical mesenchymal morphology after culturing in hypoxia for 48 h (Figure [1A](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}). We further determined the expression levels of HIF-1α, HIF-2α, and EMT markers in the CFPAC-1 and BxPC-3 cells cultured in normoxia or hypoxia. The results showed that the expression levels of HIF-1α, HIF-2α, and the mesenchymal markers (Fibronectin and Vimentin) in CFPAC-1 and BxPC-3 cells cultured under hypoxia were significantly higher than those in cells cultured under normoxia. In contrast, the expression levels of the epithelial markers (E-cadherin and β-catenin) were markedly decreased in the cells cultured under hypoxia (Figure [1B](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}). These results strongly indicated that the hypoxic environment could directly promote EMT in PC cells. We further examined the expression of miR-301a in hypoxia- and normoxia-cultured PC cells by qRT-PCR. We found that the expression level of miR-301a was significantly higher in hypoxia-cultured CFPAC-1 and BxPC-3 cells than in normoxia-cultured cells.

![Hypoxia induces pancreatic cancer cell epithelial-mesenchymal transition and increases miR-301a expression. A and D: Phase-contrast photomicrographs. Notably, CFPAC-1 and BxPC-3 cells cultured under normoxia exhibit a typical epithelial morphology, whereas cells cultured under hypoxia for 48 h exhibit a typical mesenchymal morphology; B and E: Western blot analysis was performed to detect hypoxia-inducible factor (HIF)-1α, HIF-2α, and the epithelial-mesenchymal transition markers. The expression levels of HIF-1α, HIF-2α, and the mesenchymal markers (Vimentin and Fibronectin) in hypoxia-cultured CFPAC-1 and BxPC-3 cells were higher than the levels in normoxia-cultured cells, while the expression levels of the epithelial markers (E-cadherin and β-catenin) were lower under hypoxia than under normoxia; C and F: qRT-PCR was used to measure the expression of miR-301a. The expression of miR-301a was higher in hypoxia-cultured CFPAC-1 and BxPC-3 cells than in the normoxia-cultured cells. ^a^*P* \< 0.05, ^b^*P* \< 0.01. HIF: Hypoxia-inducible factor.](WJG-26-2349-g001){#F1}

Overexpression of miR-301a enhances hypoxia-induced EMT in PC cells
-------------------------------------------------------------------

To investigate the role of miR-301a in hypoxia-induced EMT, we constructed PC cell lines that stably expressed miR-301a (Figure [2A](#F2){ref-type="fig"}) and evaluated the cell morphology under an inverted phase-contrast microscope. We found that miR-301a overexpression strongly promoted the transition of the pancreatic cells from an epithelial morphology to a mesenchymal morphology (Figure [2B](#F2){ref-type="fig"}). Next, we performed cell immunofluorescence and Western blot analyses to detect the protein expression of HIF-1α, HIF-2α, and the EMT markers. The results showed that the upregulation of miR-301a in CFPAC-1 and BxPC-3 cells increased the expression of the mesenchymal markers (Fibronectin and Vimentin) but decreased the expression of the epithelial markers (E-cadherin and β-catenin) under both normoxia and hypoxia (Figure [2C-F](#F2){ref-type="fig"}). Notably, HIF-1α protein expression was significantly higher in the miR-301a-overexpressing cells than in the control cells under hypoxia (Figure [2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}). In addition, the immunofluorescence assays showed that HIF-1α protein accumulation in the nuclei of the tumor cells was more obvious in the miR-301a-overexpressing group than in the control group (Figure [2E](#F2){ref-type="fig"} and [F](#F2){ref-type="fig"}). Because cells undergoing EMT generally exhibit elevated cell motility, we further examined the effects of elevated miR-301a expression on PC cell migration with migration assays and wound healing assays. As expected, miR-301a upregulation strongly promoted the migration of CFPAC-1 and BxPC-3 cells under both normoxia and hypoxia (Figure [2G-J](#F2){ref-type="fig"}). These results strongly indicated that miR-301a expression directly correlated with the EMT phenotype and metastatic potential of PC cells.

![Upregulation of miR-301a promotes the epithelial-mesenchymal transition of pancreatic cancer cells. A: MiR-301a was upregulated in CFPAC-1 and BxPC-3 cells; B: MiR-301a upregulation promoted the transition of the CFPAC-1 and BxPC-3 cells from an epithelial morphology to a mesenchymal morphology; C and D: Western blot analysis was performed to detect the protein expression of hypoxia-inducible factor (HIF)-1α, HIF-2α, and the epithelial-mesenchymal transition markers; the expression of HIF-1α, HIF-2α, and the epithelial markers (E-cadherin and β-catenin) was upregulated in miR-301a-overexpressing cells, while the expression of the mesenchymal markers was downregulated; E and F: Immunofluorescence was performed to detect the protein expression of HIF-1α, HIF-2α, and the epithelial-mesenchymal transition markers in CFPAC-1 and BxPC-3 cells; the expression of HIF-1α, HIF-2α, and E-cadherin was upregulated in miR-301a-overexpressing cells, while the expression of the mesenchymal markers (Vimentin) was downregulated. HIF-1α protein accumulation in the nuclei of the tumor cells was more obvious in the miR-301a-overexpressing group than in the control group; G-J: Wound healing assays and Transwell assays were performed to measure CFPAC-1 and BxPC-3 migration; miR-301a overexpression improved CFPAC-1 and BxPC-3 migration under normoxia and hypoxia. ^b^*P* \< 0.01, ^c^*P* \< 0.001. HIF: Hypoxia-inducible factor.](WJG-26-2349-g002){#F2}

CRISPR/Cas9 gene editing-mediated miR-301a knockout results in the suppression of hypoxia-induced EMT
-----------------------------------------------------------------------------------------------------

To examine the effects of the loss of endogenous miR-301a on PC cell biology, CRISPR/Cas9 technology was used to remove the nucleotide fragments encompassing miR-301a from the PC cell line PANC-1. Agarose gel electrophoresis of DNA was performed to visualize the amplification products that included the miR-301a flanking regions after total genomic DNA was isolated from 11 independent deletion clones and 1 non-targeted (NT) clone. We observed that the amplification products of the NO.2 clone were noticeably shorter than the others (Figure [3A](#F3){ref-type="fig"}). Sanger sequencing demonstrated that an approximately 169-bp fragment encompassing miR-301a from the NO.2 clone was removed (Figure [3B](#F3){ref-type="fig"}). In addition, qRT-PCR demonstrated a significant downregulation of miR-301a in the edited cells under both normoxia and hypoxia (Figure [3C](#F3){ref-type="fig"}). Next, we investigated the effects of miR-301a knockout on EMT and migration of PANC-1 cells *in vitro*. We observed that the PANC-1 cells showed obvious mesenchymal morphology changes in the hypoxic environment. After miR-301a was knocked down, the mesenchymal morphological changes of the PC cells observed under hypoxia were blocked (Figure [3E](#F3){ref-type="fig"}). Meanwhile, we detected the expression of EMT-related markers and the HIF-1α and HIF-2α proteins in the miR-301a-deleted cells by Western blot. The results showed that the HIF-1α and HIF-2α protein levels were significantly increased in the PANC-1 cells cultured under hypoxia compared with the cells cultured under normoxia (Figure [3D](#F3){ref-type="fig"}). Notably, the HIF-1α protein levels were significantly decreased after the miR-301a deletion compared with the control group under hypoxia. In addition, the knockout of miR-301a greatly promoted the expression of the epithelial markers (E-cadherin and ZO-1) in PANC-1 cells and inhibited the expression of the mesenchymal markers (Fibronectin and Vimentin) (Figure [3D](#F3){ref-type="fig"}). As expected, in the wound healing and Transwell migration assays, the miR-301a knockout significantly reduced PANC-1 cell migration under both normoxia and hypoxia (Figure [3F](#F3){ref-type="fig"} and [G](#F3){ref-type="fig"}). These findings are consistent with the results of the miR-301a overexpression experiments. Together with the data from miR-301a overexpression experiments, these results indicate that miR-301a is a key regulator of EMT in PC cells.

![MiR-301a knockout results in the suppression of hypoxia-induced epithelial-mesenchymal transition. A: To identify miR-301a knockout cell lines, the amplification product was tested by gel electrophoresis after amplifying the miR-301a flanking sequence; B: Sanger sequencing showed that the No. 2 monoclonal cell line had 169 bases, including the miR-301a sequence, deleted from the genome; C: qRT-PCR was used to measure miR-301a expression in PANC-1 cells after miR-301a knockout; D: HIF-1α was downregulated in the miR-301a knockout cells cultured under hypoxia for 48 h; miR-301a knockout in PANC-1 cells promoted the expression of the epithelial markers (E-cadherin and ZO-1) and inhibited the expression of the mesenchymal markers (Fibronectin and Vimentin); E: The mesenchymal morphological changes of the pancreatic cancer cells under hypoxia were blocked after miR-301a was knocked out; F and G: Transwell assays and wound healing assays showed that PANC-1 cell migration was suppressed after miR-301a was knocked out. ^c^*P* \< 0.001.](WJG-26-2349-g003){#F3}

Hypoxia-induced miR-301a is HIF2α dependent
-------------------------------------------

The molecular mechanism of miR-301a overexpression under hypoxia remains unclear. Because most of the genes altered during hypoxia were regulated by HIF-1α and HIF-2α, we knocked down HIF-1α or HIF-2α by siRNA interference and detected miR-301a expression by qRT-PCR. The results showed that miR-301a expression was significantly decreased after the knockdown of HIF-1α or HIF-2α under normoxia or hypoxia, and that miR-301a downregulation was especially notable after HIF-2α knockdown (Figure [4A-D](#F4){ref-type="fig"}). To determine whether miR-301a was transcriptionally activated by HIF-1α or HIF-2α, we cloned a 4139-bp DNA fragment that was upstream of miR-301a and placed this fragment upstream of Luc. The dual luciferase reporter gene assays showed that HIF-1α significantly increased the luciferase activity of the HRE-Luc group (positive control) but had no effect on the miR-301a promotor group (Figure [4E](#F4){ref-type="fig"}). Meanwhile, transfections with different concentrations of the HIF-2α plasmids significantly increased the activity of the miR-301a promoter in a dose-dependent manner. We further constructed three truncations of the miR-301a promotor (Figure [4G](#F4){ref-type="fig"}). As a result, the 4139-2866-bp DNA fragment upstream of miR-301a was able to drive the expression of Luc, indicating that the 1.2-kb DNA fragment was functional as a promoter (Figure [4F](#F4){ref-type="fig"}).

![Knockdown of HIF-1α or HIF-2α by siRNA interference and detection of miR-301a expression by qRT-PCR. A and B: After cells were transfected with siRNA, real-time PCR was performed to measure the mRNA expression levels of hypoxia-inducible factor (HIF)-1α and HIF-2α in CFPAC-1 cells; C and D: Real-time RCR was performed to measure miR-301a expression after the knockdown of HIF-1α and HIF-2α; E: HIF-1α significantly promoted luciferase activity in the positive control group (HRE-Luc) but had no effect on the activity of the miR-301a promoter; F: Transfections with different doses of the HIF-2α plasmids significantly promoted miR-301a promoter activity in a dose-dependent manner; G: Transfection with HIF-2α significantly promoted the transcriptional activity of the truncated No. 1 miR-301a promoter in a dose-dependent manner but had no effect on the truncated No. 2 and No. 3 promoters. ^a^*P* \< 0.05, ^b^*P* \< 0.01, ^c^*P* \< 0.001. HIF: Hypoxia-inducible factor.](WJG-26-2349-g004){#F4}

MiR-301a directly targets TP63 in PC
------------------------------------

MiRNAs exert their functions by regulating the expression of their target genes. To search for putative targets of miR-301a, we used bioinformatics prediction software, namely, TargetScan (<http://targetscan.org>) and miRBase (<http://www.mirbase.org>), and identified a common set of four candidate genes whose 3'UTRs contained at least one putative miR-301a binding sequence and whose functions were associated with EMT and metastasis. P63 is a nuclear transcription factor of the p53 family and regulates crucial events in the formation of epithelial structures. Unlike p53, the p63 gene is rarely mutated in human cancer but is often deregulated. However, the mechanism of p63 downregulation remains unclear, and the role of p63 in PC requires further study. Our study found that p63 was dramatically downregulated under hypoxia. In addition, p63 was predicted to be a candidate target gene of miR-301a. Therefore, we speculated that hypoxia-induced EMT was regulated by p63 downregulation. To validate TP63 as a direct target of miR-301a and to determine the exact binding sites, we cloned the wild-type or mutant 3'UTR of TP63 into the downstream region of the Renilla luciferase gene in the psiCHECK vector, with a firefly luciferase coding gene as the internal control. MiR-301a, but not miR-NC, significantly suppressed the luciferase activities of the reporter genes containing the 3'UTR of TP63. In addition, neither miR-301a nor miR-NC had effects on the luciferase activity of the Luc-TP63-WT plasmid. Consistently, the ectopic expression of miR-301a markedly reduced TP63 expression at the protein level in CFPAC-1 and BxPC-3 cells (Figure [5A-D](#F5){ref-type="fig"}). In addition, miR-301a knockout evidently promoted TP63 expression in PANC-1 cells (Figure [5E](#F5){ref-type="fig"}). To examine the role of TP63 in miR-301a-regulated PC cell migration, we upregulated and downregulated TP63 in miR-301a stable expression cell lines and in miR-301a deletion cell lines, respectively. Our results showed that TP63 upregulation greatly blocked the miR-301a-induced migration enhancement and that TP63 downregulation greatly increased the migration of the miR-301a knockout cells. These findings show that TP63 can partially reverse miR-301a-induced migration, suggesting that TP63 is a functional mediator of miR-301a in PC cells.

![MiR-301a directly targets TP63 in pancreatic cancer. A: Prediction of miR-301a binding to the 3' untranslated region (3'UTR) of TTP; B: Luciferase reporter assays confirmed that P63 was a miR-301a target gene; C: Immunofluorescence was performed to detect the expression of P63 in miR-301a-upregulated cell lines under normoxia and hypoxia; D and E: Western blot was performed to detect the expression of P63 protein after the overexpression and knockout of miR-301a; G: The expression of TP63 and the epithelial-mesenchymal transition markers were detected in the miR-301a-upregulated BxPC-3 cell line by Western blot, and (F) Transwell assays were performed to measure cell migration; H: TP63 was knocked down in the miR-301a knockout cell line PANC-1, and (F) Transwell assays were performed to measure cell migration. ^b^*P* \< 0.01, ^c^*P* \< 0.001.](WJG-26-2349-g005){#F5}

MiR-301a overexpression promotes PC metastasis in vivo
------------------------------------------------------

The above experiments confirmed *in vitro* that miR-301a participated in hypoxia-induced EMT and metastasis of PC cells by targeting the TP63 gene. Next, we explored the biological function of miR-301a *in vivo*. First, we constructed a CFPAC-1-LUC cell line stably expressing miR-301a and established nude mouse models with the orthotopic implantation of PC cells (Figure [6A](#F6){ref-type="fig"}). The results showed that metastasis more easily occurred in the miR-301a overexpression group (Figure [6B](#F6){ref-type="fig"}). The statistical results showed that no significant difference in the weight of the primary tumor was evident between the miR-301a overexpression group and the control group (1.96 ± 0.93 *vs* 2.37 ± 0.87, *P =* 0.36), and no differences were evident in the incidences of hepatic and pulmonary metastasis (Table [1](#T1){ref-type="table"}). The incidence of ascites in the miR-301a overexpression group was increased (6/10 *vs* 3/9), although the result was not statistically significant (*P =* 0.483). More importantly, the incidences of abdominal metastasis and lymph node metastasis were increased after miR-301a overexpression (Table [1](#T1){ref-type="table"} and Figure [6C](#F6){ref-type="fig"}). Consistently, HE staining showed that the miR-301a overexpression group displayed obvious lymph node metastasis and distant metastasis of the PC cells, while the miR-NC group displayed localized growth (Figure [6D](#F6){ref-type="fig"}). Collectively, these results demonstrated that ectopic miR-301a expression was capable of promoting tumor metastasis *in vivo*.

###### 

Abdominal and lymph node metastases in the miR-301a overexpression group are significantly increased

                          **MiR-301a**   **NC**         ***P* value**
  ----------------------- -------------- -------------- ---------------
  Mouse weight (g)        20.90 ± 2.42   20.07 ± 1.58   0.42
  Tumor weight (g)        1.96 ± 0.93    2.37 ± 0.87    0.36
  Incidence of ascites    6/10           3/9            0.483
  Abdominal metastasis    9/10           2/9            0.012
  Liver metastasis        2/10           2/9            1.000
  Pulmonary metastasis    2/10           1/9            1.000
  Lymph node metastases   5/10           0/10           0.039

![MiR-301a overexpression promotes the metastasis of CFPAC-1 cells *in vitro*. A: Photographs of the orthotopic implantation of pancreatic cancer cells in nude mice; B: Tumor formation and metastasis were assessed with BLI measurements. Metastasis occurred in the miR-301a overexpression group; C: MiR-301a accelerated the local invasion, lymph node metastasis, and distant metastasis of pancreatic cancer cells; D: HE staining of tumor tissues and metastatic tissues.](WJG-26-2349-g006){#F6}

Elevated miR-301a expression is associated with PC pathological features and prognosis
--------------------------------------------------------------------------------------

To investigate the relationship between miR-301a expression and the clinicopathological features and prognosis of PDAC patients, we detected the expression of miR-301a in PC and adjacent tissues by *in situ* hybridization. We observed miR-301a-positive staining in the cytoplasm of the tumor cells and no staining in the nuclei or cell membrane. Statistical analysis showed that tumor tissues from 68 of 100 cases were miR-301a positive, while the remaining 32 tissues were miR-301a negative. However, 38 cases comprising 80 paracancerous tissues were miR-301a positive, and 42 cases were miR-301a negative. MiR-301a expression was higher in the PC tissues than in the paracancerous tissues (*P =* 0.005) (Table [2](#T2){ref-type="table"} and Figure [7B](#F7){ref-type="fig"}). As expected, miR-301a expression was higher in the cancerous tissues with lymph node metastasis than in those without (*P =* 0.001) (Table [2](#T2){ref-type="table"} and Figure [7C](#F7){ref-type="fig"}). In addition, increasing miR-301a expression correlated with a decreased level of tumor differentiation (Table [2](#T2){ref-type="table"} and Figure [7E](#F7){ref-type="fig"}) and an advanced stage of PDAC (Table [2](#T2){ref-type="table"} and Figure [7D](#F7){ref-type="fig"}) but showed no significant difference in terms of the patient's age, gender, tumor size, tumor location, or T stage (*P* \> 0.05) (Table [2](#T2){ref-type="table"}). These findings strongly indicate that miR-301a expression plays a critical role in the development and progression PC and that miR-301a is a valuable biomarker for this disease.

###### 

Clinicopathological correlations of miR-301a expression in pancreatic cancer tissue microarray

                                                      **MiR-301a expression**                
  --------------------------------------------- ----- ------------------------- ---- ------- ---
  Tissue[b](#T2FN2){ref-type="table-fn"}                                             0.005   
  Nontumor                                      80    42                        38           
  Tumor                                         100   32                        68           ↑
  Age, yr                                                                            0.064   
  ≤ 60                                          49    20                        29           
  \> 60                                         51    12                        39           
  Sex                                                                                0.338   
  Male                                          63    18                        45           
  Female                                        37    14                        23           
  Tumor size (cm)                                                                    0.794   
  ≤ 5                                           60    19                        41           
  \> 5                                          38    13                        25           
  Missing data                                  2                                            
  Tumor location                                                                     0.378   
  Head                                          62    21                        41           
  Body or tail                                  32    8                         24           
  Missing data                                  6                                            
  T stage                                                                            0.363   
  T1                                            4     2                         2            
  T2                                            74    26                        48           
  T3                                            20    4                         16           
  Missing data                                  2                                            
  N stage[c](#T2FN3){ref-type="table-fn"}                                            0.001   
  N0                                            54    28                        26           
  N1                                            39    5                         34           ↑
  Missing data                                  7                                            
  Tumor grade[a](#T2FN1){ref-type="table-fn"}                                        0.016   
  I-II                                          68    27                        41           
  III                                           32    5                         27           ↑
  AJCC stage[b](#T2FN2){ref-type="table-fn"}                                         0.007   
  0-IIa                                         51    22                        29           
  IIb- IV                                       41    7                         34           ↑
  Missing data                                  8                                            

*χ*^2^ test:

*P* \< 0.05,

*P* \< 0.01,

*P* \< 0.001. AJCC: American Joint Committee on Cancer.

![Prognostic significance of miR-301a expression and clinicopathological features (A), and *in situ* hybridization detecting the expression of miR-301a in a pancreatic cancer tissue microarray (B-E).](WJG-26-2349-g007){#F7}

Because the miR-301a expression level had an intimate association with pathological characteristics, we inferred that miR-301a overexpression promoted PDAC progression and predicted a poor patient prognosis. A Kaplan--Meier analysis of the different prognostic parameters from 100 PC patients indicated that the overall survival time was significantly lower for patients with worse tumor differentiation, advanced stage, positive lymph node metastasis, and miR-301a positivity (Figure [7A](#F7){ref-type="fig"}).

DISCUSSION
==========

In this study, we determined the critical roles of miR-301a in hypoxia-induced EMT in PC cells. We found that miR-301a was upregulated in a HIF-2α-dependent manner and that miR-301a could significantly promote the hypoxia-induced EMT process by targeting TP63. Furthermore, the ectopic expression of miR-301a facilitated PDAC distant metastasis and lymph nodes metastasis *in vivo*. In addition, miR-301a overexpression was indicative of aggressive clinicopathological behaviors and poor prognosis. Collectively, our novel clinical and mechanistic data strongly suggest that miR-301a overexpression contributes to hypoxia-induced EMT in PC cells and that miR-301a may serve as a new prognostic biomarker and candidate miRNA for tumor diagnosis and treatment.

MiRNAs play important roles in the occurrence and development of many types of tumors by participating in cell proliferation, invasion, metastasis, chemoresistance, and other biological processes. Among these miRNAs, miR-301 is overexpressed in various malignancies. A number of studies have confirmed that miR-301 functions as an oncogene in tumor progression. Shi et al\[[@B38]\] have found that miR-301 is a negative prognostic factor for invasive ductal breast cancer. The authors have also demonstrated that miR-301 promotes cell proliferation, clone formation, invasion, migration, and tamoxifen resistance by targeting FOXF2, BBC3, PTEN, and COL2A1\[[@B38]\]. In addition, Yue et al\[[@B39]\] have found that miR-301a is overexpressed in glioma tissues and that miR-301a expression correlates with tumor differentiation. More importantly, patients with high miR-301a expression have a significantly poorer prognosis\[[@B39]\]. Another study has shown that miR-301a promotes NF-κB activation by inhibiting NKrf, a negative regulator of NF-κB\[[@B31]\]. NF-κB activation is correlated with tumor invasion-related clinicopathological features, such as lymph node metastasis and high pathological grade\[[@B40]\]. In our previous study, we found that miR-301a overexpression enhanced PDAC cell colony formation, invasion, and migration *in vitro* and tumorigenicity *in vivo*\[[@B35]\].

In this study, we further explored the role and mechanism of miR-301a in hypoxia-induced EMT in PC. We found that hypoxia was capable of inducing EMT in PC cells and significantly upregulated miR-301a expression. Moreover, we observed that elevated miR-301a expression could contribute to the acquisition of the EMT phenotype *via* the upregulation of mesenchymal cell markers and downregulation of epithelial cell markers, whereas miR-301a deletion could contribute to the acquisition of the mesenchymal-epithelial transition phenotype. Consistent with our results, a recent study revealed that miR-301a overexpression downregulated E-cadherin expression in prostate cancer cells, thereby promoting tumor cell EMT and metastasis. Therefore, we speculate that miR-301a upregulation is a key factor in tumor cell EMT.

Given the important role of miR-301a in hypoxia-induced EMT in PC, we further examined the underlying mechanisms responsible for miR-301a overexpression in malignances. The phenomenon whereby miR-301a is upregulated in hypoxia is also evident in prostate cancer, but the underlying mechanisms have not been reported. Our study demonstrates that miR-301a is a downstream target of HIF-2α, an important transcription factor that can control the adaptive responses of cells to hypoxia. The data are as follows: miR-301a is greatly decreased after HIF-2α knockdown, and dual luciferase reporter gene assays show that HIF-2α indeed promotes the activity of the miR-301a promoter region. Notably, the HIF-1α protein levels in miR-301a-overexpressing cells are significantly increased compared with those in the control cells, while the HIF-1α protein levels in the miR-301a-deleted cells are significantly lower than the levels in the control group, suggesting that altered miR-301a expression may affect HIF-1α protein expression. HIF-1α participates in several biological processes in cancer, including EMT and metastasis, by regulating target genes, such as HDAC1\[[@B7]\], TWIST\[[@B41],[@B42]\], and ZEB1\[[@B10]\].

To identify the target genes of miR-301a in PC, we used the TargetScan and microRNAs.org online tools to find potential miR-301a target genes. We have selected two genes, namely, TP63 and PTEN, based on the following criteria: The target gene must be associated with two algorithm overlaps and must be associated with the EMT process. PTEN has been reported as a target gene for miR-301 in breast cancer\[[@B38]\]. Although a previous study by our group showed that miR-301a bound to the PTEN 3\'UTR region and inhibited PTEN protein expression, PTEN protein expression was not significantly altered under hypoxia in subsequent studies. However, the levels of TP63, a tumor suppressor gene, were significantly reduced in hypoxia-cultured PC cell lines, and miR-301a was confirmed to bind the 3\'UTR region of TP63 to reduce TP63 protein levels. Based on these findings, we conclude that TP63 is a novel target gene of miR-301a.

TP63 is a member of the p53 tumor suppressor gene family and transcribes from two different promoters to produce two subtypes, namely, TAp63 and ΔNp63\[[@B43]\]. Previous studies have shown that TAp63 inhibits EMT in tumor cells, whereas ΔNp63 promotes the development of EMT\[[@B37],[@B44]\]. Thus, we hypothesized that miR-301a played a role in EMT in PC cells, possibly by inhibiting TAp63. To verify this possibility, we upregulated TAp63 in the miR-301a-overexpressing cell line. As expected, TAp63 overexpression resulted in the upregulation of epithelial marker E-cadherin and the downregulation of mesenchymal marker vimentin, indicating that PC cells underwent mesenchymal-epithelial transition. Our results suggested that TAp63 was a key regulator in the process of miR-301a-induced PC cell EMT.

More importantly, TAp63 is capable of suppressing tumor metastasis through different mechanisms, such as the regulation of HIF-1α signaling\[[@B45]\]. TAp63 can upregulate the expression of Sharp-1/Dec-2\[[@B46]\]. The combination of the Sharp-1 and HIF-1α proteins promotes the ubiquitin-independent proteasomal degradation of the HIF-1α protein. Therefore, TAp63 indirectly regulates HIF-1α through Sharp-1\[[@B46]\]. In this study, we found HIF-1α accumulation in miR-301a-overexpressing cells. The possible mechanism of this observation is that TAp63 downregulation by miR-301a relieves the Sharp-1-mediated degradation of HIF-α proteins. Consequently, the accumulation of HIF-1α in PC cells induces EMT in multiple ways, such as the transcriptional activation of various transcription factors, including VEGF, Snail, and Twist. In addition, TAp63 may also directly inhibit a variety of EMT-related transcription factors, including Snail, Slug, and Twist, to regulate tumor cell EMT and metastasis.

In summary, we have found that miR-301a expression in PC cells is increased during the process of hypoxia-induced EMT. MiR-301a overexpression facilitates hypoxia-induced EMT and HIF-1α expression, while miR-301a knockout inhibits hypoxia-induced EMT and HIF-1α expression. The increased expression of miR-301a may be transcriptionally regulated by HIF-2α. In addition, we have identified a new target gene of miR-301a, namely, TP63, and confirmed that TP63 is involved in EMT and metastasis of PC. Therefore, the results of this study showed that miR-301a may be a new molecular marker for the prognosis of patients with PC.

ARTICLE HIGHLIGHTS
==================

Research background
-------------------

Pancreatic cancer (PC) continues to be a leading cause of cancer-related death worldwide. PC metastasis involves a complex set of events, including epithelial-mesenchymal transition (EMT), that increase tumor cell invasiveness. Recent evidence has shown that hypoxia is a major EMT regulator in PC cells and facilitates metastasis; however, the mechanisms remain elusive.

Research motivation
-------------------

This study aimed to investigate the key regulators and signaling pathways in hypoxia-induced EMT in PC cells. This study may enrich the mechanism of PC metastasis and provide a target for the treatment of PC.

Research objectives
-------------------

The objectives of this research was to explore the role and the mechanism of miR-301a in hypoxia-induced EMT in PC cells. Realizing these objectives will provide strong evidence that miR-301a can be used as a new molecular marker for the prognosis of patients with PC.

Research methods
----------------

Real-time PCR and Western blot analysis were used to detect the expression of miR-301a and EMT markers in PDAC cells cultured in hypoxic and normoxic conditions. Western blot analysis was used to detect the expression of EMT markers in PDAC cells with miR-301a overexpression and knockout. Wound healing assay and Transwell assay were used to detect the migration capabilities of PDAC cells with miR-301a overexpression and knockout. Luciferase assay was used to detect the miR-301a promoter and the 3' untranslated region of TP63. Orthotopic PC mouse models were used to study the role of miR-301a in metastasis of PDAC cells *in vivo*. *In situ* hybridization assay was used to detect the expression of miR-301a in PDAC patient samples.

Research results
----------------

MiR-301a was increased in a HIF-2α dependent manner in the process of hypoxia-induced EMT in PC cells. MiR-301a promoted EMT of PC cells by inhibiting the expression of TP63. Furthermore, miR-301a upregulation facilitated PDAC distant metastasis and lymph node metastasis *in vivo*. Additionally, miR-301a overexpression was indicative of aggressive clinicopathological behaviors and poor prognosis. These results are helpful to enrich the metastasis mechanism of PC and provide targets for clinical treatment. How to develop an effective drug to inhibit miRNAs in PC patient is an urgent problem to be solved.

Research conclusions
--------------------

MiR-301a regulated by HIF-2α plays an important role in the process of hypoxia-induced EMT in PC cells. In addition, TP63 as a new target gene of miR-301a, is involved in the EMT and metastasis of PC. Therefore, the results of this study showed that miR-301a may be a new therapeutic target for patients with PC.

Research perspectives
---------------------

A prospective study is expected to confirm the role of miR-301a in PDAC patients with advanced metastases. It is worth further studying whether dysfunctions of the miR-301a by effective drugs could prevent PDAC metastasis.

ACKNOWLEDGEMENTS
================

We would like to thank Professor Qian Zhao and the Key Laboratory of Cell Differentiation and Apoptosis of National Ministry of Education.

Institutional review board statement: This study protocol was reviewed and approved by the Medical Ethics Committee of Shanghai General Hospital.

Institutional animal care and use committee statement: This study protocol was reviewed and approved by the Animal Experimental Ethical Committee of Shanghai General Hospital.

Conflict-of-interest statement: The authors declare that they have no competing interests.

ARRIVE guidelines statement: The authors have read the ARRIVE guidelines, and the manuscript was prepared and revised according to the ARRIVE guidelines.

Manuscript source: Unsolicited Manuscript

Peer-review started: November 18, 2019

First decision: January 19, 2020

Article in press: April 18, 2020

Specialty type: Gastroenterology and hepatology

Country/Territory: China

Peer-review report's scientific quality classification

Grade A (Excellent): 0

Grade B (Very good): 0

Grade C (Good): C

Grade D (Fair): 0

Grade E (Poor): 0

P-Reviewer: Tomizawa M S-Editor: Ma YJ L-Editor: Wang TQ E-Editor: Ma YJ

Data sharing statement
======================

No additional data are available.

[^1]: Author contributions: Zhang KD prepared the manuscript, which was critically reviewed by all co-authors; Zhao Q and Qiu ZJ designed the study; Zhang KD, Hu B, Cen G, and Yang YH conducted the study; Chen WW, Guo ZY, and Wang XF performed the statistical analyses; Zhang KD, Hu B, and Cen G contributed equally to this work; Zhao Q is an equal corresponding author; all authors approved the final version of the manuscript.

    Supported by National Natural Science Foundation of China, No. 81372640.

    Corresponding author: Zheng-Jun Qiu, MD, PhD, Chief Doctor, Professor, Surgeon, Department of General Surgery, Shanghai Key Laboratory of Pancreatic Disease, Shanghai General Hospital, Shanghai Jiaotong University, No. 100, Haining Road, Shanghai 200080, China. <qiudoctor@sina.com>
